INTRODUCTION
A pproach lighting towers are used at airports to aid in the visual navigation of aircraft. The close proximity of these towers to the runway requires that the towers be designed such that a collision between an aircraft and the tower does not compromise flight capability. To develop design specifications, or evaluate existing designs, extensive research and testing under controlled environments is required. Accordingly, the International Civil Aviation Organization (ICAO) Visual Aids Panel was tasked to develop specifications for frangible approach lighting structures. As a result, the ICAO Frangible Aids Study Group (FASG) was established and subsequently proposed design specifications for a frangible structure (ICAO, 2003) . Frangibility is defined as the property that allows an object to break, distort, or yield at a certain impact load while absorbing minimal energy, so as to present the minimum hazard to aircraft.
In the proposed frangibility specification for airport approach lighting towers, the FASG recommended that the structure should break, distort, or yield when subjected to the sudden collision force of a 3000 kg aircraft, airborne and traveling at a velocity of 140 km/h or taxiing on the ground at 50 km/h.
Since the inception of the FASG, a number of ICAO member countries, have conducted impact testing on airport approach lighting towers. The first investigation into the concept of frangible design of approach lighting structures was carried out in the US by the Federal Aviation Administration (FAA) (Rogers et al., 1979) . Further information of these efforts is described in Hanka and Vahteri (1991) ; Robbersmyr and
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yielded conservative estimates of the maximum force and equivalent values of energy over the contact period compared with the elasto-plastic wing-shaped impactor, only those tests using the rigid impactor are reported here.
Numerical predictions of the tower response to various parameters would serve as a design and evaluation tool. Although different approaches for the analysis of impact events are available, finite element analyses (FEA), which are based on accurate constitutive models, provide detailed information of the impact parameters over time. The objective of this work was to simulate the transient dynamic impact resulting from a collision between an aircraft and an approach lighting tower, using the LS-DYNA (Hallquist, 2001 ) finite element analysis program to develop a better understanding of the complete buckling and failure mode of the approach lighting structure.
The results obtained using this simulation were compared with the full-scale test results, obtained from the experimental test program. In addition, the dynamic behavior of the towers was compared to the visual data obtained from the high-speed video imagery to confirm failure-mode predictions.
FULL-SCALE TEST PROGRAM
This section contains a brief description of the full-scale airport approach lighting towers test program . The general setup of a test is shown in Figure 1 . The tower was mounted in a pit on the side of a test track and the tower baseplate fixture was bolted to a concrete foundation. The impactor, which was mounted on a truck such that the impact point was 1 m down from the top of the tower, struck the tower at low and high impact velocities (50 and 140 km/h). Impacts on both the apex and on the side of the triangular cross section were conducted.
Test Tower
The tower used in the full-scale test, typical of airport lighting towers used in Canada, consisted of two 3.3 m (10 ft) sections as shown in Figure 1 . The top section, referred to as the 7T10 section, was attached through a triangular aluminum plate to the bottom section referred to as the 9T10 section. Both sections had an equilateral-triangular cross section with the 7T10 section having a side length of 17.8 cm (7 in) and the 9T10 section having a side length of 22.9 cm (9 in). The vertical rods were 1.43 cm in diameter and were made from aluminum, and the lattice was made from 0.79 cm diameter aluminum rod. The tower supported a dummy top mass of 2.72 or 5.44 kg, representative of light fixtures and lights. These top masses were made from aluminum in the shape of cylindrical disks that were bolted to the top of the tower.
Impactor
A rigid impactor was constructed from a semi-cylindrical steel tube 79 cm long, 30.5 cm in diameter, and 2.2 cm thick. The rigid impactor, also shown in Figure 1 , was mounted on the support structure and attached to the test vehicle. Six load cells were fixed between two aluminum plates, one attached to the rigid impactor and the other attached to the support structure, to measure the impact force. The total impact force was determined as the sum of the recorded data from the six load cells. To prevent the possibility of the tower interacting with the impactor edge as a result of the large deflection expected particularly at high velocity (140 km/h), a thin steel plate, 70 cm long, covered the two thick plates carrying the load cells to prevent the tower from getting caught between the
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plates during the collision and thereby generating extraneous data.
The truck speed was measured using an on-board optical speed sensor. Data from the load cells were recorded using a data acquisition system located in the truck while impact force and strain measurements in the tower were recorded by a system on the ground near the tower. Data were recorded at a rate of 10 kHz to insure a sufficient data bandwidth to capture details of the impact and structural response. No additional data filtering was used. Impact speed, time history of impact force, energy, period of contact between the tower and the impactor, time at which the first and possibly the second failure occurred were recorded Zimcik et al., 1999) . The energy transferred to the tower over time was obtained from the recorded data by numerical integration.
DESCRIPTION OF THE MODELING APPROACH
The three-dimensional model shown in Figure 2 , was developed to simulate the impact of the tower. This model was divided into two major parts: the tower and the impactor. The tower was simulated in two orientations; one with the side of the triangular cross section facing the impactor, and the other with the apex of the cross section facing the impactor. Consistent with the full-scale tests, the location of impact was taken as 1 m from the top of the tower. The impactor model struck the tower at four different impact velocities (50, 80, 110 , and 140 km/h).
Tower
The tower was modeled using 2108 beam elements with six degrees of freedom at each node. The plate connecting the top and the bottom sections of the tower was modeled using a Belytschko-Tsay shell element formulation with a total of 157 elements. The top mass was also modeled using a BelytschkoTsay shell element formulation with a total of 241 elements. The top nodes of the tower were connected to the top-mass plate. Single point constraints (SPCs) were placed on the bottom of the tower. Material nonlinearities were modeled using the Von-Mises criteria for yielding and a work-hardening rule. The material properties used for the tower and the top mass are listed in Table 1 .
Impactor
Since the rigid impactor used to impact the tower was designed to be much stiffer than the tower itself, the impactor was modeled as a rigid body. The plate used to support the impactor and impactor itself were designed for minimal deformation during full-scale testing. Thus, modeling the impactor as rigid material was a reasonable assumption. The material properties used for the rigid impactor were listed in Table 2 . The elastic modulus and Poisson's ratio were used for determining sliding interface parameters at the contact surface between the tower and impactor.
The finite element mesh of the impactor model is also shown in Figure 2 . This model also included a Belytschko-Tsay shell element formulation with a total of 321 elements with a uniform thickness of 2.2 cm. The impactor model at surface ABCD (Figure 2 ) was fixed in rotation in the x, y, and z direction and displacements in the x and y direction. An initial velocity of 50, 80, 110, and 140 km/h in the z direction was also given to the impactor model.
FEA Model Development
The detailed model formulation for the LS-DYNA explicit analysis program included non-linear elastic-plastic material behavior. The material used in the tower was defined using the MAT_PLASTIC_KINEMATIC keyword to model isotropic and kinematic hardening plasticity. The effective plastic strain at failure was set at 15% (SF = 0.15) in the material input properties based on experimental strain rate effect data. This material selection was consistent with the standard properties stated for Aluminum-Alloy 6061-T6 standard structural profiles (ASTM, 2000) . The nodes of the elements that exceeded this failure value (SF) were "released" to simulate the failure of the tower. These failed elements were deleted automatically.
The impactor was modeled using a rigid material model MAT_RIGID. Elements, which were rigid, were bypassed in the element processing and no storage was allocated for storing history variables. Consequently, the rigid material type was very cost efficient.
The interaction between the impactor and the tower was modeled using contact elements. In this approach, the slave and master surfaces were generated internally within the LS-DYNA from part Identification Data (ID) given for each surface. Subsequently, the possible contacting outer surfaces were identified by the internal logic in the LS-DYNA program. Each node in the surface was checked at each time step to ensure that it did not penetrate through the surface. Since this was a highvelocity impact simulation, friction at the impact surface was not modeled.
A contact force transducer was defined to monitor the contact forces at the interface. This transducer element allowed the total contact forces applied by the impactor to the tower to be registered but did not apply any force to the model itself.
Quality Check of the FEA Model
Natural Frequencies: One of the first quality checks of a model is to perform a modal analysis before running a dynamic simulation. This approach is particularly useful if experimental modal data are available. The natural frequencies of the tower were calculated using the Eigenvalue Analysis of the implicit LS-DYNA program to compare with the measured frequencies of the test towers. The first three natural frequencies of the tower were numerically found to be 5.1, 24.6, and 31.8 Hz. The experimental value of the first natural frequency was found to be equal to 4.8 Hz as measured from the time trace of strain data for the tower subjected to simple cantilever bending step loading. The computed value compared favourably with the measured value. The difference (6%) between the FEA model and the experimental measured frequency may be a result of the modelling assumptions of the tower. In particular, the bar elements of the tower are crimped at joints, which may be a less rigid connection than the fully clamped assumption of the model. However, the fully clamped connection was representative of the crimp connection, which did not allow movement or flexing of the joint. Stress Wave Propagation: When a structure is stressed with an impact load, the stresses are not immediately transmitted to all parts of the body. Remote portions remain undisturbed for some time. Stresses progress through the structure in the form of a stress wave. The stress wave propagation in the tower is best seen by examining the axial force time history of two selected beam elements of the FEA model. One of the beam elements (element 1587) was located at the contact point of the tower with the impactor whereas the other one (element 419) was located at the base of the tower as shown in Figure 2 .
For the case of impact at 140 km/h in the apex direction, the axial force time history for these two selected beam elements is shown in Figure 3 . After impact, the stress wave in the tower propagated from impact point (element 1587) toward the tower base and reached element 419, located at the base of the tower, after a period of time. The FEA model predicted that the time needed for the stress wave to propagate and reach to this element was approximately 1.1 ms as shown in Figure 3 .
The longitudinal wave velocity (c L ) in an elastic isotropic solid can be approximated by
where E, ρ, and ν are, respectively, the elastic modulus, the mass density, and Poisson's ratio.
Since this was a non-dispersive propagation problem, the longitudinal wave velocity was independent of the frequency.
The material model specified in Table 1 with E = 68 950 MPa and ρ = 2700 kg/m 3 , yielded a stress wave velocity of 5050 m/s. The time required for the stress wave to travel a distance L is given by t = L/c L . In the present case L = 5.6 m (see Sect. 2) and c L = 5050 m/s, thus the time required for the stress wave to travel the length of the tower and reach the base was 1.1 ms. This agreed well with the FEA results.
NUMERICAL SIMULATION
Using this FEA model, numerical simulation was performed assuming that the impactor struck the tower at an initial given velocity. The tower contained a top mass of 2.72 or 5.44 kg, representative of light fixtures and lights. The impacts were simulated in both the apex and side directions of the tower at four different impact velocities: 50, 80, 110, and 140 km/h along the z direction of the tower. The impact velocity of 50 and 140 km/h simulated the impact conditions in the full-scale test program. Additional cases (80 and 110 km/h) were simulated to provide additional information on the trend of data over a range of parameters.
The impact events were analyzed for a time period of 0.12 s, which was chosen to be sufficiently long to simulate the initial events of the impact to compare with full-scale test results. Dynamic results were recorded at one hundred equal time steps (every 0.0012 s).
Three primary validation criteria were used to ensure a useful simulation of the model. These were deformation/failure mode, impact force, and energy absorption. If the simulation results compared favorably with the full-scale test results in those three categories, it was then determined that the subsequent simulations could be used to analyze the frangibility of the approach lighting tower.
Deformation Mode
The overall dynamic response of the FEA model determined the deformation mode of the tower, which was compared directly with the deformation mode obtained experimentally from the full-scale tests. Similar comparisons were conducted for all available cases (Nejad Ensan et al., 2003; . Representative results of the FEA model and representative video images are included in this section for comparison.
The sequential views of the deformation mode obtained from FEA simulation for impact at 140 km/h in the apex direction with a 5.44 kg top mass present are shown in Figure 4a . On contact, the impactor flattened the 7T10 section (see Sect. 2.1) of the tower at the point of contact and the top of the section began to bend around the impactor. The apex leg broke at the base of 9T10 section (see also Sect. 2.1) of the tower at about 23 ms after impact. The apex leg buckled at the first bay of the 7T10 section above the mid-plate at about 45 ms after impact. The tower was clear of the impactor at about 65 ms after impact.
Video images from the full-scale test for this impact case are shown in Figure 4b . It can be seen from these figures that the FEA model correlated very well with the experimental results for the deformation modes, timing of the buckling, and magnitude of deformation.
Failure Mode
The results of the FEA simulation were compared with the full-scale test results for the time to first failure shown in Table 3 . From the simulation results, it was observed that, when the tower was struck in the apex direction, the first failure was always a break in the apex leg at the base of the tower, regardless of impact speed or the top mass. The average time to first failure for full-scale testing at 50 and 140 km/h with either 2.72 or 5.44 kg top mass was 36 and 28 ms, respectively. The time to first failure of the FEA model at 50 and 140 km/h was 33 and 23 ms, respectively. It can be seen that, the simulation results compared favorably to the test results. (Note: The time resolution of the simulation was 1 ms and the time resolution of the video image was 2 ms.)
For the case of impact at 140 km/h with either 5.44 or 2.72 kg top mass present, the apex leg of the first bay above the middle plate buckled at 8 ms for both the FEA prediction and full-scale test.
All of the failures reported in Table 3 occurred during the contact period with the impactor, for both the apex and side direction. It should be noted that the energy to failure was not as significant as the energy transferred during the contact period. After the first failure, the tower remained in contact with the impactor and energy was still being transferred to the tower.
Impact Force
The magnitude of the impact force versus time predicated by the FEA simulation was compared to the results of the fullscale test for all available cases (Nejad Ensan et al., 2003; . The impact force-time curves showed that both full-scale test and simulation results follow a very similar trend, as shown, for example, in Figures 5a and 5b for the case of impact in the apex direction at 140 km/h with a 5.44 kg top mass present. It is believed that the high-frequency oscillations in the full-scale test-impact force-time curve were a result of vibration in the impactor and (or) impactor support structure.
In general, the impact force-time curves showed two peaks that were very significant both in terms of their magnitude and the time at which they occurred. The first of these peaks occurred during the first 4 ms after impact and the second peak occurred during the later stage of the impact, between 22 to 40 ms, when the tower was bent around the impactor. For the tests at 50 km/h impact speed, with a top mass present, the first peak was always the global maximum. For the test at 140 km/h impact speed with a top mass present the second peak formed the global maximum.
The results of the FEA simulation were compared with the full-scale test results for the maximum impact force, when the tower was impacted in the apex direction, as shown in Figure 6 . The maximum impact force of the FEA simulation compared well with the results of the full-scale test. The maximum impact force, which occurred when the tower was impacted at 140 km/h with a 5.44 kg top mass present, was 33.0 kN while the FEA simulation predicated a slightly higher 38.0 kN. Thus, the test results were within 13% of the simulation results, which is within an acceptable range acknowledging the simplification of the modeling.
There was an increase in the maximum impact force with a top mass impacted at 140 km/h. This increase in the maximum impact force with the top mass could be the result of the larger mass offering more inertial resistance as the tower was being "pulled" over the impactor after bending. After the impact force reached this maximum, the top portion of the tower began to accelerate and started to straighten from the bent condition.
In general, the simulation impact force was higher than test results. This is consistent with the model assumption of a rigid impactor as opposed to a stiff but not infinitely rigid impactor used during test. The impactor and the support structure used in the test were designed to be very stiff but limitations of structure, size, and mass resulted in a finite stiffness. Recall that the load versus time plots for the test showed a high-frequency vibration component that may have resulted from this flexibility. The magnitude of the maximum impact force is related to the stiffness of the impactor.
Also, in the FEA simulation, the impactor struck the tower exactly as planned (alignment, position, and direction). However, it was difficult to achieve the planned impact conditions during the full-scale testing. The differences between the full-scale test and the simulation were not significant for any condition. Differences were observed with the simulation value always being higher than the test value for the reasons noted above. Moreover, the difference between the simulation estimates and the test data were generally of the same order of magnitude as the differences between similar tests.
Energy Absorption
The energy absorption versus time predicted by the FEA simulation was compared with the results of the full-scale tests for all available cases (Nejad Ensan et al., 2003; . Representative results of the FEA simulation and the test results are presented in this section. Energy absorption curves also showed good agreement between the simulation and the full-scale tests as shown for example in Figure 7 for the impact in the apex direction at 140 km/h with a 5.44 kg of top mass present. The curves for all cases followed similar trends over time and the final energy levels showed very good agreement between the simulation and test results. It would appear that the calculated values for the energy approached a maximum value asymptotically for any impact case. The impact speed and top mass affected the time the tower was in contact with the impactor and energy transferred to the tower during this contact period. This is consistent with the higher kinetic energy imparted to, and remaining with, the tower at higher impact velocity and top mass.
Final energy level results predicted by simulation are also compared with the results from the full-scale tests. The final energy level as a function of impact velocity for both the apex and side direction is shown in Figures 8a and 8b, respectively. The impactor model struck the tower at four different velocities (140, 110, 80 , and 50 km/h) in combination with two different directions (side and apex) and three different top masses (0, 2.72 and 5.44 kg). A total of 26 full-scale tests were reported (Nejad Ensan et al., 2003; , which included striking the triangular cross section of the tower at both the apex and on the side at three different velocities (140, 80, and 50 km/h) without a top mass and at two different velocities (140 and 50 km/h) with two different top masses (2.72 and 5.44 kg). The results of the FEA simulation compared extremely well with all of the results of the full-scale test. Both the impact speed and the magnitude of the top mass affected the final energy level. It was observed that the final energy level decreased when the impact velocity and top mass decreased, for all the full-scale tests and simulation in both the apex and side directions. This is consistent with the reduced kinetic energy imparted to, and remaining with, the tower at lower impact velocity and top mass.
The final energy level increased non-linearly with increasing top mass. For the case of impact in the apex direction at 50 km/h, the final energy level increased from 1.6 kJ for no top mass to a value of 5 kJ for a 5.44 kg top mass. For impact at the side at the same speed, the final energy level increased from 1.5 kJ for no top mass to a value of 4.9 kJ for a 5.44 kg top mass. For impact at 140 km/h, the percentage change in the final energy level with top mass was more gradual. The final energy level for impact in the apex direction with no top mass was 14.2 kJ. This increased to 21.5 kJ for a 2.72 kg top mass and to 34.1 kJ for a 5.44 kg top mass. For impact in the side direction, the average final energy level for no top mass was 14 kJ, which increased to 21.4 kJ for 2.72 kg top mass and to 36.0 kJ for a 5.44 kg top mass.
CONCLUSION
A finite element impact model has been developed for airport approach lighting towers typical of those in Canada. This model has been shown to accurately simulate impact of the tower by a light aircraft in both the apex and side directions.
Results from the impact model of the tower provided data on the overall event for several configurations and speeds that compared very well with experimental data. There was good correlation between deformation mode, location and timing of failure, impact force, and energy absorption curves obtained from full-scale test results and simulation.
Recommendations from the results of experimental and simulation were presented to the FASG of ICAO. These recommendations have been accepted by the FASG to assist in the development of simplified requirements and test methods for the design of frangible structures to minimize the impact hazard to aircraft.
